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1. INTRODUCTION {#cas14520-sec-0001}
===============

Cancer cachexia is a multifactorial, severely debilitating syndrome that causes weight loss due to loss of skeletal muscle mass.[^1^](#cas14520-bib-0001){ref-type="ref"}, [^2^](#cas14520-bib-0002){ref-type="ref"}, [^3^](#cas14520-bib-0003){ref-type="ref"} In cancer patients, the main symptoms associated with cachexia are asthenia, physical illness, and fatigue. Muscle wasting and weight loss are suitable indicators of the patient's quality of life as they correlate with the patient's prognosis.[^2^](#cas14520-bib-0002){ref-type="ref"} In advanced stages of cancer, more than 50% of the patients exhibit cachexia. Furthermore, nearly 20% of the cases of cancer‐related mortality exhibit cachexia rather than tumor burden.[^4^](#cas14520-bib-0004){ref-type="ref"}, [^5^](#cas14520-bib-0005){ref-type="ref"} However, there are few medical treatments available to treat cancer cachexia.

The members of the transforming growth factor‐β (TGF‐β) family, myostatin (MSTN, also known as growth differentiation factor 8 \[GDF‐8\]), activin A, and GDF‐11 are known to negatively regulate skeletal muscle mass in mammals.[^6^](#cas14520-bib-0006){ref-type="ref"}, [^7^](#cas14520-bib-0007){ref-type="ref"} The loss of MSTN function in mice,[^8^](#cas14520-bib-0008){ref-type="ref"} dogs,[^9^](#cas14520-bib-0009){ref-type="ref"} cattle,[^10^](#cas14520-bib-0010){ref-type="ref"} and humans is known to induce an increase in the skeletal muscle mass. The inhibition of MSTN with neutralizing Abs increases the muscle mass and the MSTN null mutations lead to skeletal muscle hypertrophy in mammals.[^9^](#cas14520-bib-0009){ref-type="ref"}, [^11^](#cas14520-bib-0011){ref-type="ref"}, [^12^](#cas14520-bib-0012){ref-type="ref"} Thus, the nature of MSTN is conserved beyond mammalian species. Similar to other TGF‐β members, MSTN is initially synthesized as a precursor, which then undergoes proteolytic cleavage to become a mature ligand. The mature ligand initially binds to the activin type II receptor‐B (ActRIIB) Ser/Thr kinase receptor, and then to one of the type I receptors, ie activin receptor‐like kinase 4 (ALK4 or ActRIB) or ALK5 (TβRI).[^13^](#cas14520-bib-0013){ref-type="ref"} Subsequently, the type I receptor phosphorylates Smad2 and Smad3 to regulate transcriptional activities. The MSTN precursor is known to bind to a mature MSTN and inhibits its function.[^14^](#cas14520-bib-0014){ref-type="ref"}, [^15^](#cas14520-bib-0015){ref-type="ref"} In our previous study, we identified an inhibitory core peptide composed of 24 amino acids in the mouse MSTN prodomain, termed peptide‐2. Interestingly, the muscle mass in mice increased when peptide‐2 was given i.m., suggesting that peptide‐2 could hold promise for treating muscle wasting diseases.[^14^](#cas14520-bib-0014){ref-type="ref"}

Recently, it has been reported that inhibition of MSTN and activin signals alleviates cachexia in mice with tumors. The ActRIIB is known to bind to MSTN GDF‐11 with a high affinity, in addition to activin. The expression of a dominant‐negative ActRIIB in mice results in skeletal muscle hypertrophy, suggesting that ActRIIB plays an important role in muscle growth.[^16^](#cas14520-bib-0016){ref-type="ref"} Furthermore, the treatment of mice with the ActRIIB dominant‐negative receptor (ActRIIB‐Fc) as a ligand trapper resulted in prolonged survival associated with alleviation of muscle wasting.[^17^](#cas14520-bib-0017){ref-type="ref"} In this study, we examined whether peptide‐2 alleviates cachexia symptoms in mice implanted with Lewis lung carcinoma (LLC).

2. MATERIALS AND METHODS {#cas14520-sec-0002}
========================

2.1. Cell culture {#cas14520-sec-0003}
-----------------

C2C12, HepG2, 293T, COS7, and LLC cells were cultured in DMEM (Nacalai Tesque) containing 15% (for C2C12 cells) or 10% FCS (Invitrogen), 1× MEM non‐essential amino acids (Nacalai Tesque), and 100 U/mL penicillin/streptomycin (PS; Wako). To induce myoblast differentiation, C2C12 cells were cultured in DMEM containing 2% horse serum (Cosmo Bio), 1× MEM non‐essential amino acids, and PS.

2.2. Myostatin inhibitors {#cas14520-sec-0004}
-------------------------

Synthesis of peptide‐2 was described previously.[^15^](#cas14520-bib-0015){ref-type="ref"} The peptide‐2 was reconstituted in saline. SB431542 (Sigma‐Aldrich) was reconstituted in DMSO.

2.3. Dominant‐negative ActRIIB {#cas14520-sec-0005}
------------------------------

One day before transfection, COS7 cells were seeded at 1.0 × 10^6^ cells/well in a 10‐cm dish. COS7 cells were transfected with CSII‐EF‐ctrl‐Fc or CSII‐EF‐ActRIIB‐Fc expressing plasmid with 2.5 mg/mL polyethyleneimine (PEI; Polyscience). After 36 hours of transfection, cell lysates were immunoprecipitated with Protein G sepharose 4B (Invitrogen) overnight and used for the experiment.

2.4. Transcriptional reporter assay {#cas14520-sec-0006}
-----------------------------------

HepG2 cells were seeded at 7.5 × 10^4^ cells/well in 24‐well plates 1 day before transfection. The cells were transfected with the indicated reporter construct and pCH110 (GE Healthcare Bioscience) using 2.5 mg/mL PEI. Twenty‐four hours later, media were changed to 0.3% FCS containing DMEM. Where indicated, 10 ng/mL MSTN, 10 ng/mL GDF‐11, 5 ng/mL activin A, or 5 ng/mL TGF‐β was added to the wells after cells were pretreated with peptide‐2 or SB431542 for 1 hour.[^18^](#cas14520-bib-0018){ref-type="ref"}, [^19^](#cas14520-bib-0019){ref-type="ref"} All the ligands were purchased from Wako. Subsequently, cells were cultured for 8 hours with or without ligands. The cell lysates were prepared to measure the luciferase and β‐galactosidase activities. In all experiments, β‐galactosidase activity was measured to normalize for transfection efficiency. Each transfection was carried out in triplicate and repeated at least twice. Values are presented as the means ± SD (n = 3).

2.5. Animal studies {#cas14520-sec-0007}
-------------------

All animal experimental procedures were approved by the President of the Tokyo University of Pharmacy and Life Sciences after review by the Institutional Animal Care and Use Committee (permission numbers L18‐003 and L19‐017) and carried out according to the Tokyo University of Pharmacy and Life Sciences Animal Experimentation Regulations. Male C57BL/6J mice (8‐12 weeks old; 20‐24 g) were purchased from Oriental Bio, and the mice were fed a standard laboratory diet and housed in a temperature‐controlled room under specific pathogen‐free conditions. A combination anesthetic was prepared with 0.3 mg/kg medetomidine, 4.0 mg/kg midazolam, and 5.0 mg/kg butorphanol. For the cancer cachexia model, LLC cells (5 × 10^5^ cells in 100 µL saline) were s.c. injected around the caudal side of the thigh of C57BL/6J mice[^20^](#cas14520-bib-0020){ref-type="ref"} after they were anesthetized by i.p. injection. After injection of the cells, the weight of each mouse was measured every week. For ethical reasons, the end‐point of the survival curve was set 40 days after transplantation. Many of the mice reached natural death, but the remaining mice were killed when they showed signs of morbidity defined by the experimental animal guideline (eg emaciation, lethargy or failure to respond to gentle stimuli, hypothermia).

To measure total 4‐limb grip strength in mice, we used a digital force gauge.[^21^](#cas14520-bib-0021){ref-type="ref"} Mice were acclimatized on wire mesh for 5 minutes, then the mouse tail was gently pulled backward in a horizontal fashion for as long as the mouse could grasp the mesh. The force at the time when the mouse released the mesh was recorded as the peak tension. Each mouse was tested 3 times with a 1‐2 minute break between tests.

2.6. Western blot analysis {#cas14520-sec-0008}
--------------------------

Western blot analysis was carried out as described previously.[^22^](#cas14520-bib-0022){ref-type="ref"} Briefly, samples from gastrocnemius muscle (approximately 50 mg) were homogenized in TNE buffer (10 mmol/L Tris \[pH 7.4\], 150 mmol/L NaCl, 1 mmol/L EDTA, 1% NP‐40, 1 mmol/L PMSF, 5 μg/mL leupeptin, 100 U/mL aprotinin, 2 mmol/L sodium vanadate, 40 mmol/L NaF, and 20 mmol/L β‐glycerophosphate), and centrifuged at 10 000 *g* for 5 minutes at 4°C. Protein concentration was assayed using the DC Protein Assay Kit (Bio‐Rad Laboratories). The samples were boiled for 10 minutes in sample buffer, separated by SDS‐PAGE, and transferred to Ultra Cruz Nitrocellulose Pure Transfer Membrane (Santa Cruz Biotechnology). The membranes were probed with the indicated Abs. Primary Abs were detected with HRP‐conjugated goat anti‐rabbit or anti‐mouse IgG Ab (GE Healthcare) with chemiluminescent substrate (Thermo Fisher Scientific).

2.7. Histology and immunofluorescence {#cas14520-sec-0009}
-------------------------------------

The muscle tissues were surgically removed and embedded into frozen section compound (Leica Camera). Fresh‐frozen sections (5 μm) were cut with a CM1850 cryostat (Leica), mounted on Cryofilm (Leica), and fixed in 100% ethanol then in 4% paraformaldehyde. The films were washed 3 times with PBS, permeabilized with 0.1% polyoxyethylene (10) octylphenyl ether (Wako) for 10 minutes, and blocked with blocking reagent (PerkinElmer) for 1 hour at 37°C. Rabbit anti‐myogenin (1:200) Abs in blocking reagent were added and incubated overnight at 4°C. The films were washed 3 times with PBS and then incubated with Alexa 488‐conjugated goat anti‐mouse IgG (Molecular Probes) Ab at 1:200 for 1 hour at room temperature. After the nuclei were stained with 2 μg/mL DAPI for 10 minutes, the films were mounted with mounting medium (Dako). A BZ‐9000 fluorescence microscope (Keyence) was used to visualize the fluorescence. To determine the diameter of C2C12 myotubes, phalloidin‐positive myotubes were measured by ImageJ.

2.8. RNA isolation and RT‐PCR {#cas14520-sec-0010}
-----------------------------

Total RNA was isolated using the ReliaPrep RNA Cell Miniprep System (Promega). Reverse transcription was carried out with the PrimeScript II 1st strand cDNA synthesis kit (Takara Bio). Reverse transcription‐PCR was carried out with BlendTaq (Toyobo). The following primer sets were used to amplify myogenin, MylpF, and β‐actin cDNAs: 5′‐TGAATGCAACTCCCACAGC‐3′ and 5′‐CAGACATATCCTCCACCGTG‐3′ for myogenin,[^23^](#cas14520-bib-0023){ref-type="ref"} 5′‐AGGATGTGATCACTGGAGC‐3′ and 5′‐TGAGAGATGGAGCGGCTAGAAGC‐3′ for MylpF, and 5′‐TGAACCCTAAGGCCAACCGTG‐3′ and 5′‐GCTCATAGCTCTTCTCCAGGG‐3′ for β‐actin.

2.9. Statistical analysis {#cas14520-sec-0011}
-------------------------

Data are expressed as mean ± SD unless otherwise mentioned. Significance was assessed using Student's *t* test. Probability values below .05, .01, and .001 were considered significant.

3. RESULTS {#cas14520-sec-0012}
==========

3.1. Peptide‐2 is an MSTN‐specific inhibitor {#cas14520-sec-0013}
--------------------------------------------

In our previous study, we identified an MSTN‐inhibiting peptide, termed peptide‐2, composed of 24 amino acids from the mouse MSTN prodomain, and showed that peptide‐2 has a high affinity for MSTN, through the surface plasmon resonance assay.[^14^](#cas14520-bib-0014){ref-type="ref"} We undertook a luciferase assay using the (SBE)~4~‐luc reporter[^24^](#cas14520-bib-0024){ref-type="ref"} to characterize the inhibitory effect of peptide‐2 on TGF‐β family signaling in hepatocellular carcinoma HepG2 cells. The cells were stimulated with each ligand that was preincubated with peptide‐2 or SB‐431542, which is a kinase inhibitor for ALK4, ALK5, and ALK7[^18^](#cas14520-bib-0018){ref-type="ref"} (Figure [1A](#cas14520-fig-0001){ref-type="fig"}). Eight hours later, the luciferase activity was measured. SB‐431542 effectively blocked MSTN, GDF‐11, activin, and TGF‐β‐induced reporter activities, whereas peptide‐2 significantly inhibited MSTN‐induced reporter activity and suppressed GDF‐11‐induced reporter activity by up to approximately 67%. When we examined the inhibitory effects of peptide‐2 on Smad2 and Smad3 nuclear translocation following MSTN stimulation, it was observed that peptide‐2 completely interfered with MSTN‐induced Smad2 nuclear accumulation, similar to SB‐431542 (Figure [1B](#cas14520-fig-0001){ref-type="fig"}).

![Peptide‐2 is a selective inhibitor of myostatin (MSTN). A, Peptide‐2 significantly inhibited the activity of (SBE)~4~‐luc following MSTN stimulation in HepG2 cells. HepG2 cells were cotransfected with a (SBE)~4~‐luc reporter construct and pCH110 as an internal marker and stimulated with transforming growth factor‐β (TGF‐β; 5 ng/mL), activin A (10 ng/mL), growth differentiation factor‐11 (GDF‐11; 10 ng/mL), or MSTN (10 ng/mL) for 8 h. Luciferase values were normalized for transfection efficiency. These ligands were preincubated with peptide‐2 (30 nmol/L) or SB‐431542 (10 µmol/L) and were added to the cell. Inhibition efficiency was shown as % of control. All values represent mean ± SD (n = 3). B, Smad2 and Smad3 nuclear localization induced by MSTN were inhibited by peptide‐2. Immunofluorescence staining for Smad2 and Smad3 (Green) in C2C12 cells. Peptide‐2 (30 nmol/L) or SB‐431542 (10 µmol/L) was preincubated with MSTN for 1 h, and added to C2C12 cells for 1 h before staining. Nuclei were counterstained with DAPI (blue). A BZ‐9000 fluorescence microscope was used to visualize the fluorescence. C, Peptide‐2 and the activin type II receptor‐B dominant‐negative receptor (ActRIIB‐Fc) inhibit MSTN‐induced Smad2 phosphorylation. SB‐431542, peptide‐2 (30 nmol/L), ActRIIB‐Fc (0.146 nmol/L), or control‐Fc were preincubated with MSTN for 1 h and added to HepG2 cells for 1 h. These cells were lysed and subjected to western blot analysis using anti‐phospho‐Smad2 (upper panel), anti‐Smad2 Ab (middle panel), and β‐actin (lower panel). Each expression was normalized using the intensity of the band corresponding to β‐actin. Inducibility was calculated relative to the value for cells in the absence of TGF‐β. D, Peptide‐2 significantly inhibited the activity of (CAGA)~12~‐luc upon MSTN stimulation in HepG2 cells. SB‐431542 (10 µmol/L), peptide‐2 (30 nmol/L), ActRIIB‐FC (0.146 nmol/L), or control‐Fc (0.146 nmol/L) were preincubated with MSTN (10 ng/mL) for 1 h, and added to HepG2 cells for 1 h. HepG2 cells were cotransfected with (SBE)~4~‐luc reporter construct and pCH110 as an internal marker and stimulated with MSTN for 8 h. All values represent mean ± SD (n = 3). \*\**P* \< .01; \**P* \< .05](CAS-111-2954-g001){#cas14520-fig-0001}

Activin type II receptor‐B lacking an intracellular domain is known to act as a dominant‐negative receptor.[^17^](#cas14520-bib-0017){ref-type="ref"} When we compared the inhibitory ability of MSTN signaling between peptide‐2 (dissociation constant= 35.9 nmol/L, IC~50~ = 4.1 µmol/L)[^14^](#cas14520-bib-0014){ref-type="ref"} and ActRIIB‐Fc (IC~50~ = 1.1 nmol/L),[^25^](#cas14520-bib-0025){ref-type="ref"} the phosphorylation of Smad2 was almost equally inhibited by both peptide‐2 and ActRIIB‐Fc (Figure [1C](#cas14520-fig-0001){ref-type="fig"}). We then carried out a luciferase assay using the (CAGA)~12~‐luc reporter.[^26^](#cas14520-bib-0026){ref-type="ref"} HepG2 cells transfected with the (CAGA)~12~‐luc reporter plasmid were stimulated with MSTN that was preincubated with either peptide‐2 or ActRIIB‐Fc for 1 hour. As seen in Figure [1D](#cas14520-fig-0001){ref-type="fig"}, peptide‐2 was able to inhibit MSTN‐induced transcriptional activity similar to ActRIIB‐Fc (Figure [1D](#cas14520-fig-0001){ref-type="fig"}).

3.2. Peptide‐2 inhibits the effect of MSTN and promotes C2C12 myoblast differentiation {#cas14520-sec-0014}
--------------------------------------------------------------------------------------

We next examined whether peptide‐2 potentiated the differentiation of C2C12 myoblasts through its inhibitory activity for MSTN signaling. C2C12 myoblast cells differentiate into syncytial myotubes in 2% horse serum.[^27^](#cas14520-bib-0027){ref-type="ref"} When cell fusions and formation of small myofibers were detected 2 days after the substitution of 15% FCS to 2% horse serum (data not shown), we investigated the transcripts of basic helix‐loop‐helix transcriptional factors, myogenin and MylpF, which play an important role in myotube differentiation.[^27^](#cas14520-bib-0027){ref-type="ref"}, [^28^](#cas14520-bib-0028){ref-type="ref"} Both the mRNA expressions increased with the differentiation of C2C12 myoblasts, whereas MSTN decreased the mRNA expressions. However, preincubation of MSTN with peptide‐2 was able to restore these mRNA expressions similar to SB‐431542 (Figure [2A](#cas14520-fig-0002){ref-type="fig"}). Furthermore, muscle syncytia and stress fiber formation induced by horse serum were inhibited by MSTN, whereas pretreatment of MSTN with either peptide‐2 or SB431542 improved muscle syncytia and stress fiber formation (Figure [2B](#cas14520-fig-0002){ref-type="fig"}). These data were confirmed by measurement of the diameter of C2C12 myotubes (Figure [2C](#cas14520-fig-0002){ref-type="fig"}).

![Peptide‐2 inhibited the effect of myostatin (MSTN) and promoted C2C12 myoblast differentiation. A, Expression of myotube differentiation genes. C2C12 cells were cultured with 15% FCS or 2% horse serum (HS) containing medium for 2 d. Cells were stimulated with 10 ng/mL MSTN with or without SB‐431541 (SB) (10 µmol/L) or peptide‐2 (30 nmol/L). Total RNA from these cells was subjected to RT‐PCR for myogenin (upper panel), MylpF (middle panel), and β‐actin mRNAs (bottom panel). B, C2C12 cells cultured in growth medium (15% FCS) reached 90% confluence, and the culture media were switched to differentiation medium (2% HS) for 2 d. These cells were stained with TRITC‐phalloidin (red) and DAPI (blue) to counterstain cell nuclei. The BZ‐9000 fluorescence microscope was used visualize the fluorescence. C, Diameters of C2C12 myotubes was analyzed. Thirty myotubes per experiment were counted over 2 independent experiments, and a representative plot is displayed. Significance was compared to serum‐free control. \*\*\**P* \< .001. Data presented are the mean ± SD](CAS-111-2954-g002){#cas14520-fig-0002}

3.3. Peptide‐2 prolongs survival in cancer cachexia model mice {#cas14520-sec-0015}
--------------------------------------------------------------

To analyze the therapeutic effect of peptide‐2 on cancer cachexia, LLC cells were inoculated s.c. into the back of C57BL/6 mice. Subsequently, peptide‐2 was injected i.m. into mouse gastrocnemius muscles a total of 3‐4 times (ie 4, 11, 18, and 26 days after cell injection) (Figure [3A](#cas14520-fig-0003){ref-type="fig"}). Peptide‐2 was also i.m. injected into cachexia model mice and changes in survival rate were analyzed. Compared to the saline treatment, the i.m. injection of peptide‐2 significantly prolonged the survival time over the period studied (Figure [3B](#cas14520-fig-0003){ref-type="fig"}). For ethical reasons, the analysis was carried out 3 weeks after the transplantation and changes in body weight were assessed. During the experimental period, the body weight of the tumor‐bearing mice was increased due to the progression of tumor growth (Figure [3C‐E](#cas14520-fig-0003){ref-type="fig"}, Table [S1](#cas14520-sup-0002){ref-type="supplementary-material"}). The body weight after subtracting the tumor weight at the end‐point significantly decreased by approximately 10% in the LLC‐inoculated groups compared to the mice without LLC implantation (Figure [3F](#cas14520-fig-0003){ref-type="fig"}, Table [S1](#cas14520-sup-0002){ref-type="supplementary-material"}). There was no significant difference in body or tumor weight (Figure [3E](#cas14520-fig-0003){ref-type="fig"}) between the mice treated with peptide‐2 and those not treated with peptide‐2. These results suggest that peptide‐2 might prolong survival in tumor‐bearing mice.

![Peptide‐2 prolongs survival in cancer cachexia model mice. A, Schematic diagram of the experimental schedule. Peptide‐2 or saline was injected i.m. to the mouse gastrocnemius muscles of both legs a total of 3 times, at 4, 11, 18, and 25 d after cell injection. B, Survival rate of Lewis lung carcinoma (LLC)‐bearing mice with peptide‐2 or saline treatment was analyzed (χ^2^ test, *P* = .03, power = 0.991). C, Changes in body weights in control and LLC tumor‐bearing mice. Both groups of mice received peptide‐2 or saline at indicated days. Body mass following LLC inoculation was monitored every week at 1, 8, 15, and 22 d after inoculation (n = 6). Representative data are shown. Raw data are shown in Table [S1](#cas14520-sup-0002){ref-type="supplementary-material"}A. D, Tumor volume estimated from width of tumors in LLC‐bearing mice with peptide‐2 or saline treatment. Tumor size was serially measured from above the skin. Tumor volumes were calculated using the formula: length × width ×width × 0.5. Data are expressed as mean ± SD (n = 6). E, Peptide‐2 (Pep‐2) treatment did not alter LLC tumor growth (*P* = .20) (n = 6). Representative data are shown. F, Body weight of mice excluding tumor weight at day 22. LLC tumor‐bearing mice had significant weight loss compared to controls. \*\**P* \< .01; \**P* \< .05. Raw data of statistical results are shown in Table [S1](#cas14520-sup-0002){ref-type="supplementary-material"}B](CAS-111-2954-g003){#cas14520-fig-0003}

3.4. Peptide‐2 prevent cancer‐induced muscle wasting {#cas14520-sec-0016}
----------------------------------------------------

When we compared the gross muscles of the hind limbs, muscle wasting was evident in the LLC‐bearing mice at 3 weeks after the transplantation (Figure [4A](#cas14520-fig-0004){ref-type="fig"}). However, muscle mass was restored by peptide‐2 treatment in cachexia model mice, which had increased gastrocnemius muscle mass compared to the vehicle‐treated mice (Figure [4B](#cas14520-fig-0004){ref-type="fig"}, Table [S2](#cas14520-sup-0003){ref-type="supplementary-material"}). The effect of peptide‐2 was localized at the site of injection, and there was no effect on gastrocnemius muscle when peptide‐2 was injected into the thigh muscle (Figure [S1](#cas14520-sup-0001){ref-type="supplementary-material"}). As skeletal muscle wasting is a characteristic of cancer cachexia,[^29^](#cas14520-bib-0029){ref-type="ref"} the intracellular protein degradation in gastrocnemius was analyzed. As shown in Figure [4C](#cas14520-fig-0004){ref-type="fig"}, LLC‐transplanted mice showed a markedly decreased protein concentration of the gastrocnemius, which was not ameliorated by peptide‐2 treatment. Other cancer cachexia parameters such as decreased heart weight (Figure [4C,D](#cas14520-fig-0004){ref-type="fig"}, Tables [S3](#cas14520-sup-0004){ref-type="supplementary-material"} and [S4](#cas14520-sup-0005){ref-type="supplementary-material"}) and abdominal s.c. fat (Figure [4E](#cas14520-fig-0004){ref-type="fig"}, Table [S5](#cas14520-sup-0006){ref-type="supplementary-material"}) did not improve with peptide‐2 treatment. These results indicate that peptide‐2 treatment partially alleviated LLC tumor‐induced cachexia symptoms.

![Peptide‐2 attenuates muscle wasting induced by cancer cachexia. Peptide‐2 (Pep‐2) or saline was injected i.m. in both legs of control or Lewis lung carcinoma (LLC)‐transplanted mice. A, Photographs of legs of control and cancer cachexia mice. B, Gastrocnemius muscle weight/body weight (n = 6). C, Protein concentration of gastrocnemius muscle (n = 6). D, E, Heart weight/body weight (n = 3‐4) (D) and fat weight/body weight (n = 6) (E) at 22 d after LLC implantation. The weight of each tissue was normalized to the body weight at day 1. \*\*\**P* \< .001; \**P* \< .05. All measurements and statistical analyses are shown in Table [\[Link\]](#cas14520-sup-0003){ref-type="supplementary-material"}, [\[Link\]](#cas14520-sup-0004){ref-type="supplementary-material"}, [\[Link\]](#cas14520-sup-0005){ref-type="supplementary-material"}, [\[Link\]](#cas14520-sup-0006){ref-type="supplementary-material"}](CAS-111-2954-g004){#cas14520-fig-0004}

Muscle atrophy is characterized by a decrease in the muscle fiber area. Accordingly, a cross‐section of the gastrocnemius muscles of these mice was prepared and stained with the dystrophin Ab and compared to the fiber areas (Figure [5A](#cas14520-fig-0005){ref-type="fig"}). In the LLC‐transplanted mice, the average muscle fiber area decreased by approximately 25% and fiber atrophy was predominant. In the whole muscle fiber comparison, there were no significant differences between saline‐ or peptide‐2‐treated cachexia mice (Figure [5B](#cas14520-fig-0005){ref-type="fig"}). However, when the fiber size was expressed in terms of frequency distribution, peptide‐2‐treated cachexia mice showed enlarged fibers compared to the saline‐treated mice (Figure [5C](#cas14520-fig-0005){ref-type="fig"}). In addition, the grip strength of mice treated with peptide‐2 was increased compared to the controls. The LLC‐bearing mice showed decreased grip strength, but peptide‐2 treatment resulted in functional muscle recovery in tumor‐bearing mice with levels more than the control.

![Peptide‐2 (Pep‐2) improves muscle fiber area and strength in cancer cachexia model mice. A, Representative immunofluorescence analysis of dystrophin‐stained gastrocnemius sections from indicated groups. Cryosections of gastrocnemius muscles from healthy control and cancer cachexia model mice treated with saline or Pep‐2 were stained with antidystrophin Ab (green) and DAPI (blue) to counterstain cell nuclei. Sections were imaged using a fluorescence microscope. B, Images were analyzed using a BZ‐H3A software, which automatically identifies individual areas surrounded by the muscle fiber membrane. Box and whisker plots showed the distribution of muscle fiber cross‐sectional area from 3 identical images for each group. The horizontal line in the box indicates the median values, the bottom and top edges indicate the 25th and 75th percentile, respectively. The whiskers extend to the most extreme bottom and top, indicating the minimum and maximum, respectively. In cancer cachexia model mice, the mean area of muscle fibers decreased significantly (\*\*\**P* \< .001) indicating muscle atrophy, but treatment with Pep‐2 did not improve the mean value. C, Frequency distribution plots of the area of gastrocnemius muscle fiber. Plots are expressed as a percentage of the total number of fibers. Peptide‐2 increased the area of large muscle fibers in healthy mice and increased the proportion of thick muscle fibers in cachectic mice. D, Grip strength analysis of control and cachexic mice treated with Pep‐2 or saline. Each mouse was tested 5 times and the maximum force demonstrated by each animal was recorded (n = 4). Specific *P* values are shown in the figure. \**P* \< .05. E, Intramuscular injection of Pep‐2 inhibited Smad2 phosphorylation in gastrocnemius muscle. The gastrocnemius muscle of cancer cachexia model mice treated with saline or Pep‐2 were analyzed. Smad2 phosphorylation was analyzed at 22 d after tumor cell inoculation. These muscles were lysed and subjected to western blot analysis using anti‐phospho‐Smad2 (upper panel), anti‐Smad2 Ab (middle panel), and β‐actin (lower panel) (n = 2)](CAS-111-2954-g005){#cas14520-fig-0005}

Next, to investigate whether the dramatic improvement detected in cancer cachexia‐affected mice was mediated by the MSTN/Smad2 signaling pathway, western blot analysis of the gastrocnemius muscle was carried out. As shown in Figure [5E](#cas14520-fig-0005){ref-type="fig"}, saline‐treated cachexia mice showed Smad2 phosphorylation, which was suppressed by treatment with peptide‐2. These results suggested that peptide‐2 inhibited MSTN signaling and that it was partially resistant to cancer cachexia in vivo.

4. DISCUSSION {#cas14520-sec-0017}
=============

Cancer cachexia seen in patients with advanced cancer is a multifactorial metabolic disorder characterized by severe skeletal muscle atrophy rather than fat loss.[^2^](#cas14520-bib-0002){ref-type="ref"}, [^30^](#cas14520-bib-0030){ref-type="ref"} Therefore, counteracting muscle atrophy seems to be one of the key therapies for cancer cachexia as it is not possible for patients with cancer cachexia to regain muscle mass through nutrient intake.[^31^](#cas14520-bib-0031){ref-type="ref"} Although MSTN and activin A generally inhibit muscle growth, both these cytokines induce catabolism by promoting loss of muscle proteins in case of skeletal muscle disorders such as sarcopenia and cachexia.[^17^](#cas14520-bib-0017){ref-type="ref"}, [^32^](#cas14520-bib-0032){ref-type="ref"}, [^33^](#cas14520-bib-0033){ref-type="ref"} Therefore, the inhibition of MSTN and activin A signaling is considered as a therapeutic target for these skeletal muscle disorders. To date, ActRIIB‐Fc, a soluble form of MSTN/activin A receptor type II receptor, a decoy receptor, and neutralizing Abs for ActRIIB[^34^](#cas14520-bib-0034){ref-type="ref"} or MSTN have been reported to show therapeutic effects on muscle wasting associated with cachexia in several tumor‐bearing mice. However, clinical trials of the MSTN mAb LY2495655 did not improve overall survival of pancreatic cancer with cachexia.[^35^](#cas14520-bib-0035){ref-type="ref"} Golan et al reported that the reactivity was stronger in precachectic patients than cachectic patients. Therefore, MSTN inhibitors could be beneficial for preventing muscle loss and maintaining quality of life, not for reversing muscle wasting.[^36^](#cas14520-bib-0036){ref-type="ref"}

In our previous study, we identified the minimum inhibitory core region composed of only 24 amino acid‐long peptides in the MSTN precursor, termed peptide‐2, and reported that i.m. injection in the hind limbs of mice increased muscle mass.[^14^](#cas14520-bib-0014){ref-type="ref"} To verify the clinical application of peptide‐2 in muscle wasting disease, we confirmed the therapeutic effects of cancer cachexia when peptide‐2 was given to mice implanted with LLCs. Myostatin inhibitors such as Abs,[^37^](#cas14520-bib-0037){ref-type="ref"}, [^38^](#cas14520-bib-0038){ref-type="ref"}, [^39^](#cas14520-bib-0039){ref-type="ref"} decoy receptors[^17^](#cas14520-bib-0017){ref-type="ref"} and siRNAs,[^40^](#cas14520-bib-0040){ref-type="ref"} have been effective on muscles throughout the body. However, we were able to show the therapeutic effect on the restoration of local gastrocnemius muscle mass to extend duration of their life. It is reported that maintenance of leg muscle mass can prevent patients with sarcopenia from becoming bedridden.[^39^](#cas14520-bib-0039){ref-type="ref"} Thus, prevention of muscle wasting might be essential for improving the quality of life.

It is important to develop highly selective drugs for clinical applications. The ActRIIB‐Fc binds to MSTN, GDF‐11, and activin A. Peptide‐2 is a specific inhibitor of MSTN as it does not block activin A signaling in addition to its marginal inhibition of GDF‐11 signaling (Figure [1A](#cas14520-fig-0001){ref-type="fig"}), due to the high homology between GDF‐11 and MSTN. As GDF‐11 can suppress the growth and differentiation of skeletal muscles such as MSTN, the inhibitory effect of peptide‐2 on GDF‐11 is preferable to improve muscle wasting in cancer cachexia.

Intramuscular injection of peptide‐2 slightly reduced gastrocnemius muscle weight in cancer cachexia mice (Figure [3B](#cas14520-fig-0003){ref-type="fig"}). In addition, peptide‐2 improved the survival of LLC‐implanted mice during the period examined (Figure [3B](#cas14520-fig-0003){ref-type="fig"}). Lewis lung carcinoma cells are known to produce lung metastasis, but none of the mice showed dyspnea during the experimental period. Furthermore, when comparing the lung metastasis 22 days after transplantation, there was no significant difference in size or number of metastases between the 2 groups (data not shown); therefore, it is unlikely that death occurred due to lung metastasis. Similar to anti‐MSTN neutralizing Abs, peptide‐2 shows a therapeutic effect on muscle atrophy.[^40^](#cas14520-bib-0040){ref-type="ref"}, [^41^](#cas14520-bib-0041){ref-type="ref"}, [^42^](#cas14520-bib-0042){ref-type="ref"} In the current study, peptide‐2 increased the area of thick muscle fibers and gastrocnemius muscle weight in healthy mice, in addition to counteracting muscle atrophy in LLC‐implanted mice. Skeletal muscle fiber hypertrophy and recovery of muscle mass led to increase in grip strength when peptide‐2 was given to LLC‐implanted mice (Figure [5D](#cas14520-fig-0005){ref-type="fig"}). It is generally known that maximum force and muscle cross‐sectional area (CSA) are strongly related. The grip strength of mice with muscle atrophy would be considered to be restored by peptide‐2 because their muscle CSA increased (Figure [5C](#cas14520-fig-0005){ref-type="fig"}). Alleviation of muscle wasting could help mice with muscle atrophy to ingest food and water, and improved their quality of life.

Peptide‐2 did not affect heart mass in the cancer cachexia model mice, although the inhibition of the ActRIIB pathway by ActRIIB‐Fc restored the heart mass in mice implanted with C26 cells.[^17^](#cas14520-bib-0017){ref-type="ref"} As peptide‐2 was locally injected into mice, peptide‐2 might not reach the myocardium. It is reported that MSTN expression in adult mice is dominant in the skeletal muscle and less in the myocardium.[^43^](#cas14520-bib-0043){ref-type="ref"} Thus, another possibility is that activin A and GDF‐11 might influence the myocardium as ActRIIB can be bound by activin A and GDF‐11, apart from MSTN. This will need to be elucidated in further experiments. The reduced weight of the primary tumor pointed towards an impact of peptide‐2 on tumor growth/progression. The effect of peptide‐2 on muscle weight is much less than ActRIIB decoy receptor[^17^](#cas14520-bib-0017){ref-type="ref"} and anti‐MSTN mAb.[^42^](#cas14520-bib-0042){ref-type="ref"} In general, classic peptide drugs have less significance in specificity and efficacy than Ab drugs; however, structural modifications such as cyclization can increase the activity and stability of the classical peptides. The overwhelming advantage over Ab drugs is the low manufacturing cost.

Collectively, the peptide‐2 that perturbs MSTN signaling might serve a therapeutic drug for patients with muscle wasting diseases, such as cancer cachexia and sarcopenia, because of its ability to restore their muscle mass. One of the greatest advantages is that peptide‐2 has 15 times fewer amino acids than ActRIIB‐Fc, thereby reducing the cost of synthesizing the protein. However, it will need to be improved further as a highly effective therapeutic agent in terms of various other factors such as prolongation of its half‐life and reduction of its dosage.
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